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MHD PERFORMANCE CALCULATIONS WITH OXYGEN ENRICHMENT 


C. C. P. Pian, P. J. Staiger, and G. R. Seikel 
NASA Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

The effect of oxygen enrichment of the MHD combustion air on the 
channel and plant performance has been studied for the ECAS-? type 
plants. The MHD channel power output is optimized as a function of 
various generator parameters and physical constraints. The salient 
differences between the maximum power and maximum net oower generators 
are described. Directly and i ndi recti v-preheated plant Derformances 
with 0 ? enrichment are calculated. Results show that there is an 
optimum level of oxvgen enrichment for each given plant tvpe, preheat 
temperature, and assumed oxyqen production cost. The optimum degree of 
enrichment rises with decreasing Dreheat temperature. Using current 
0^ production costs, oxygen enrichment was found to be beneficial *or 
di rectly-preheated plants if the preheat temperature is less than 1800 
to 2200F. Oxygen enrichment was found to be advantaqeous in 
seoarately-f i red plants for preheat temperatures less than 2500 to 
3000F. However, this performance gained due to enrichment in the 
separately-fired plants must be weighted against the increased capital 
cost of having both a separately-f i red preheater system and an oxygen 
plant. 
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This report emphasizes the performance aspects of MHD plants using 
oxygen enrichment. Results of onqoing air-separation plant studies 
(managed by NASA and funded bv DOE ^ will be required to define the cost 
of electricity. 

INTRODUCTION 

Numerous studies have considered nxvgen enriching the combustion 
air to increase the performance of open-cycle MHD power plants and/or 
to reduce their development time and developmental cost^. It is 
rather difficult to compare the results of these studies due to the 
differing cost and technolooical assumptions. However, they generally 
concluded that oxygen enrichment can increase the enthalpy extraction 
from the MHD generator at a given oxidant preheat temperature. In 
addition, oxygen enrichment at moderate preheat temperatures permits 
replacement of the expensive and complex regenerative air heater 
systems with more conventional metal-alloy heat exchangers. The 
calculated cost of electricitv and the relative performance benefits 
gained (or lost) from oxygen enrichment are extremely sensitive to the 
assumed power and costs to produce the oxygen, the channel design 
assumptions, and the plant design. The effects of plant design include 
such factors as separately-f i red preheat versus direct preheat, 
integration of the air separation plant with the MHD/steam plant, etc. 

More recently, oxygen enrichment was considered as one of the 
options in the Parametric Study of Potential Early Commercial (PSPE^l 
MHD Plants studies. These investigations were conducted to identifv 
attractive near-term plant desiqns having an acceptable performance and 
cost of electricity but with some lower technology components than 
plants defined by previous studies such as ECAS. 
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One of the parametric cases investigated bv General Electric in 
2 

ECAS-1 , however, considered oxygen enrichment as an alternative to 
directly-fired hiqh-temperature preheat. Only one value of preheat 
temperature and percent oxygen enrichment was assessed. Pesults 
indicated that an 0,, enriched plant mav be competitive in cost of 
electricity but lower in thermodynamic performance. In reference 3, 
preliminary considerations were given to the effects of 0^ enrichment 
on the ECAS-2 MHD plant performance. Results indicated that the plant 
efficiency can generally he improved by enrichment but this reauires a 
substantial increase in the plant pressure ratio. Separately-f i red 
preheater plants benefited more from oxygen enrichment than 
di rect ly-preheated plants. The oxygen enrichment analysis in 
reference 3 was centered on studying the effect of plant configuration 
on the overall plant performance. For this reason some simplifying 
assumptions were made on the channel performance characteristics. 

The effect of 0? enrichment on the performance ECAS-2 advanced 
commercial plants is re-evaluated in this report. Consideration is 
given to the generator desiqn. The MHD plants herein have performance 
which is optimized as a function of percent oxvqen enrichment, preheat 
temperature, and generator electrical constraints. The optimum degree 
of oxygen enrichment is a function of preheat temperature and whether 
the plant has a directly or separately-fired preheater. The effects 
due to the choice of oxygen plant used and the way the oxygen plant is 
integrated with the remainder of the MHD plant are also investigated. 
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CHANNEL PERFORMANCE CALCULATIONS 

The overall performance of an MHD plant is strongly dependent on 
the MHO generator performance. It is, thus, important to use a 
generator design that maximizes the overall plant efficiency. In this 
respect, it is generally not desirable to operate the MHD generator at 
its maximum power-out condition, since compressor work must be 
considered. A method of optimizing the channel design is reviewed 
herein and the channel performance characteristics for various values 
of preheat temperature and degrees of oxygen enrichment are presented. 

The generators considered in this study are for the generator 
thermal flow rate of the ECAS-2 plant: 5373 MW^. The coal is 

Illinois #6; the seed is potassium carbonate; the oxidant is air or 
oxygen-enriched air. Other design parameters are listed in Table I. 
Boundary conditions are specified at the two ends of the MHD 
generator. The total enthalpy at the channel inlet is the enthalpy 
after the combustion less the heat loss in the combustor and nozzle. 

The ECAS-2 value of combustor/nozzle heat loss is assumed. The 
stagnation pressure at the diffuser exit is taken to be 1.14 atm. 
Generally, the ECAS-2 diffuser pressure recovery coefficient of 0.7 and 
a constant generator length of 25 meters are assumed in this study. 

The sensitivity of generator performance to shorter channels and less 
efficient diffusers is, however, presented in a later section. 
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It was found in past oxygen enrichment studies that better 
performance could be obtained if the combustor pressure and channel 
length were allowed to increase with increasing oxygen enrichment. 

This can, however, result in channels that are unrealistically long. 
Therefore, in this analysis the channel was kept at a constant length. 

The generator calculations are performed with a quasi-one- 
dimensional flow model. This model consists of an invsicid central 
core flow with boundary layers developing along the walls. The 
turbulent boundary layers are treated by a momentum integral approach. 
The thermodynamic and transport properties of the gas are calculated 
following Svehla and McBride, ref. 4; the procedure qiven in reference 
5 was used to compute the electrical properties of the gas. The 
electrode voltage drop distributions are assumed to be of the form: 

V d = a + b5* 

where u* is the boundary layer displacement thickness. The constants a 
and b are those used by Avco/G.E. in ECAS-2^. Although a and b 
generally should be functions of the generator operating conditions, 
they are kept constant in the present analysis to limit the complexity 
of the generator model. The results to be presented herein are for 
generators operating at an approximately constant Mach number 
( Y*, M 2 = constant). Comparison between the performance of the 
approximately constant Mach number and the constant velocity generator 
designs was presented earlier in reference 3 for representati ve ECAS-2 


cases. 
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The method of reference 7 is used to determine the optimum 
streamwise variation of duct parameters for a generator with 
prespecified length, diffuser exit pressure, and streamwise 
distribution of generator velocity or Mach number. The optimization is 
performed subject to limits on the Faraday current density, J y ; the 
Hall field, E ; the total electric field, E = J E 2 + E 2 ; 
and the Hall parameter, B . At every streamwise location, the magnetic 
induction, B, and the load factor, K, are adjusted to the maximum 
values that would still satisfy all of the following conditions: 


K > 1 


K > 1 - 


i J 

I y crit 


ouB 


; cri t> 


BuB 


E = J E 2 + E 2 
v x y 

K -> ^in 


: crit 


B < B 


max. 


The values of B max , E x 


crit 


. J 


crit 


( 2 ) 

(31 

( 4 ) 

(5) 

( 6 ) 


and 6 are picked to 
reflect the state of magnet and channel technology. The channel 
operating life is strongly influenced by the values assigned to these 
limits. For the Faraday generator, the insulating sidewalls are 
subjected to electrical fields in both the axial and transverse 
directions. In order to limit the electrical stress on the sidewalls, 
the total electric field strength is bounded by condition (4) in the 
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present optimization procedure. In selecting a suitable value for 

E cr it* one ,nust consider such factors as’ the particular sidewall 

design, the materials of construction, etc. Whether or not the 

transverse electric field, E y , should be limited instead of E would 

also depend on the actual sidewall design. In that case, 

E < E would replace condition (4). K_. denotes the 

y — y .. min 

3 J crit 

minimum allowable value of the load parameter and is used as a control 
parameter in the calculation procedure. 

The optimum streamwise distributions of B and K are determined by 
defining a generator design which is limited at each station bv two 
appropriate criteria. Which two criteria are dominant at a location 
depends on the operating conditions and the assumed values for the 
electrical and magnet constraints. For example, near the generator 
inlet, the design point is usually determined by the limitations 
specified in equations (2) and (4). Near the generator exit, limits 
(1) and (3) will most likely predominate. The optimum magnetic field 
profiles obtained in this manner can be used as guidelines bv the 
magnet designers. Once the magnet design is fixed, the generator 
loading can be reoptimized with conditions (1) and (6) replaced by the 
actual magnetic field profile. 

The optimization of a Fa^adav channel loading has been investigated 

g 

previously be Doss and Gever but with a different formulation and 
procedure. The criteria for controlling the load factor in their 
sectional ootimization scheme were the electrical strength of the 
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channel in the longitudinal direction and the Faraday current density. 
The magnetic field was assumed constant at a value of 5 Tesla. 

The typical variation of power out for an MHD generator is shown in 

figure 1. In this case MHD combustor oxidizer is 2500F preheated air. 

The gross MHD power as a function of the minimum load factor, K . , 

min 

is shown in figure la. The dashed lines denote lines of constant 
chamber pressure. The net channel power out, MHD minus compressor 
power, versus the MHD combustor pressure, P c , is plotted in figure 
lb. In the computation of compressor power, an initial oxidant 
temperature of 60F and a compressor polytropic efficiency of 0.898 are 
assumed. A pressure drop of 0.195 P c is assumed between the air 
compressor and the MHD combustor. As indicated in figure la, there is 
a maximum power and corresponding combustor pressure which the 
specified length f25 meterl generator can be operated at without 
exceeding the specified electric and magnetic stresses. Or in effect 
for a given combustor pressure there is a minimum length channel. The 
most desirable operating combustor pressure is, however, at the maximum 
of the net power curve, figure lb. 

The channel design is vastly different for the maximum power and 
maximum net power generators. In figure 2, distributions of the 
electrical variables and the magnetic field for these two generator 
designs are compared. For this example, the maximum net power 
generator operates at P r = 9 atm. The channel has a constant load 
parameter, K = 0.798. Conditions (4) and (5) dominated over major 
portions of this generator design. The maximum power generator has a 



9 


higher combustor pressure of 12.78 atm and variable loading is 
required. The load factor tends to decrease near the channel entrance 
(trend dictated by conditions (2) and (4)), then increases rapidly 
downstream (trend dictated by conditions (31 and (4)). The 6 r 
condition prevails beyond ^ 23 meters thus causing the drop in the 
magnetic field and K profiles. 

The J , E , and K distributions for the maximum power design 

are similar to the results obtained by Doss and Geyer (ref. 8) using 

their sectional optimization technique. It cannot b° guaranteed, 

however, that the "local" approach characteristic of the present 

formulation and that of reference 8 will vield the global optimum 
g 

generator . 

A typical generator performance map as a function of oxygen 
enrichment is presented in figure 3 for a low temperature (1100F) MHD 
combustor oxidizer preheat. The generator/diff user adiabatic 
efficiency is defined as the MHD power divided bv the chanqe in 
enthalpy the flow would have in expanding from the total pressure at 
the generator inlet to that at the diffuser exit. In these design 
calculations the thermal input to the generator was kept constant at 
the 5373 M W^ level by adjusting the mass flow rate for the various 
values of percent oxvgen enrichment. A constant seed/coal weight ratio 
was maintained with varying oxygen enrichment to insure adequate seed 


for sulfur removal. The degree of oxygen enrichment is given by: 


percent oxygen enrichment = 100 * 


where N/0 is the nitrogen/oxygen mass ratio in the oxidant. 
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Cross plotted in figure 3 are P . K . , and the channel heat 
loss, Q. The generator heat loss was calculated by integrating the 
turbulent heat flux over the generator wall surface. The slag-coated 
walls were assumed to be at 1700K f ECAS-2 value). Both P MHD and Q 
increase with increasing P c and percent oxygen enrichmen:. Also note 
that for a given P^, there is a value of oxygen enrichment which 
maximizes This value of enrichment increases with increasing 

P c . The range o f maximum net MHD power out is also indicated in 
figure 3. 

One can still extract 15* of the flow enthalpv in the MHD generator 
at 1100F preheat and no oxygen enrichment. For this case, the 
generator mass flow and channel volume are, respectively, 1.21 and 1.5 
times greater than the General Electric ECAS-2 generator. 

For a given preheat temperature, a set of electrical and magnet 
constraints, and a specified air separation plant performance 
characteristic, the maximum net MHD power can be determined as a 
function of percent oxygen enrichment. This is accomplished by 
considering only the MHD generator-compressor subsystem. However, to 
determine the optimum value of oxygen enrichment, one must evaluate the 


combined performance of both the oxygen plant and the MHD plant. 
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PLANT PERFORMANCE 


Plant performance is compared herein on the basis of plant 
thermodynamic efficiency. The definition of thermodynamic efficiency 
is as in ECAS: the gross AC power output divided by the higher heating 

value of the coal input to the plant. It may be written 

^T = P NET fl - - P Q - f + n s (1 + P s - P|_) 

where 

7= (i - n,!7 MHD - n -2l ) p cpr - (i - ^ ) p 0 

He u 

and 


P 

P 

P 

P 

P 

P 

P 

n 

n 

n 


is the MHD generator DC output. 

£PP is the power required to drive the cycle compressor. 

NET = F MHD ' P CPR 

q is the power used to drive the air separation plant 
compressors, if required. 

p is the power in the fuel input to the p 1 ant ( to both the MHD 
combustor and the oxidant preheater svsteml based on its 
higher heating value. 

^ is the power in the seed associated with converting it from 
K 2 C0 3 to K ? S0 4 . 

L is the sum of stack losses and other losses and also includes 
the power required for coal drying. 

3 is the efficiency of the steam turbine-generator cycle. 

^ is the efficiency of the steam turbine cycle which drives the 

MHD compressor. # 

• • 

g is the efficiency of the steam turbine cycle which drives the 


air separation plant compressor. 
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n j is the efficiency of the DC-AC inverter. 

The overbars denote quantities nondimensional ized with respect to the 
fuel input power Pp. 

From the expression f or n y it is clear that for a given level of 
oxygen enrichment, ny will be very close to its maximum if P^y for 
P|Y£j) is maximized. The small quantity f, which includes the effects 
of inverter efficiency and of differences in steam cycle efficiencies, 
will have only a very minor influence on the point where r>y is 
maximum. Table I lists the important cycle parameters and performance 
assumptions used in the plant performance calculations. 

The separately-f i r ed plants analyzed used an atmospheric pressure 
reheat for the preheater system with an assumed energy conversion 
efficiency. The results presented herein are based on energy 
conversion efficiency of of the preheater coal higher heatinq 
value. The combustion air used by the preheater combustor was 
recuperati vely preheated to 1100F in all cases. This air was mixed 
with an amount of recycled stack gases, also preheated to HOOF, to 
give a 300F approach temperature difference between the streams at the 
hot end of the preheater. The approach temperature difference at the 
cold end of the preheater was also kept fixed at 300F. 

Figure 4 shows the relative efficiencies of a number of MHD/steam 
plants with various types of preheater and oxidant preheat temperatures 
as a function of oxygen enrichment at a fixed oxvgen production energy 

requirement. For reference, the efficiency of the ECAS-? MHD/steam 

» • • « 

plant is also indicated. 
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Figure 4 confirms the general trends shown in reference 3. Oxygen 
enrichment offers a greater performance benefit at lower preheat 
temperatures and may actually decrease performance at higher preheat 
temperatures. Separately-fired plants benefit more from oxygen 
enrichment than do directly-fi red plants operating at the same preheat 
temperature. As discussed above, the MHD combustor pressure is 
determined by maximizing P^. This pressure increases with 
increasing oxygen enrichment. 

The relatively larger gain in performance fas oxygen enrichment is 
increased towards its optimum level) for the lower preheat temperatures 
is a result of the much larger gain in the channel power output as a 
fraction of the coal input to the plant. Considering only 
directly-fired plants for the moment, several effects may be identified 
as the level of oxygen enrichment increases. The power in the gas 
stream between the diffuser exit and the stack decreases relative to 
the power in the coal input to the plant. This power in the aas stream 
is used by the bottoming plant and for oxidant preheat. The power 
required for oxidant preheat decreases because of the decrease in 
oxidant mass flow rate and the increase in compressor exit 
temperature. The power required to drive the MHD compressor and the 
air separation plant compressor increases slightly, because the effect 
of the increased pressure ratio and increased enrichment outweighs the 
decrease in oxidant flow. The net result is a decrease in steam 

•turtfo-generator oeiput ,rel ati ve to plant coal input. For the lower 

•• • 

preheat plants, the gain in the MHD generator power output relat’ive to 
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plant coal input is sufficient at lower but not at higher oxvgen 
enrichment levels to overcome the decrease in bottoming plant output; 
thus, there is an optimum enrichment which maximizes the thermodynamic 
efficiency of the plant. For the higher preheat plants, the MHD 
generator output is not sufficient to overcome the decrease in 
bottoming plant output and air is the optimum oxidizer. Similar 
considerations apply to separately-f i red plants. 

In the case of directly and separately-fired plants at the same 
oxidant preheat temperature, the greater gain for lesser penalty! in 
cycle performance of the separately-f ired plant with increasing 
enrichment is primarily the result of the gain in channel output as a 
percentage of the total coal input to the plant. The amount of coal to 
the MHD combustor changes in the same way with changes in enrichment 
for both plants, but the fraction of the total coal going to the 
preheater combustor decreases with enrichment in the separately-f i red 
plant. This is because the preheat power required decreases with 
oxygen enrichment fas a result of the decrease in oxidant mass flow 
rate and the higher pressure ratio! even though the amount of 
recuperation decreases fbecause the combustion gas outlet temperature 
from the preheater is higher). 

The curves in figure 4 show that for each plant type and preheat 
temperature, there is an optimum level of oxygen enrichment. This 
optimum level increases with decreasing preheat temperature. In figure 
5 the efficiencies at optimum enrichment have been plotted as a 

function of oxidant preheat temperature for both directly and 

« • * •• •• 



separately-fired plants and for two levels of oxygen production power 
requirement. Also shown is the performance with air as the oxidant. The 
merging of the separately-f i red and directly-fired curves at 800F is a 
result of the assumptions regarding the preheater approach temperature 
differences and the amount of preheater combustion air and recycle gas 
preheat. 

PERFORMANCE VARIATION WITH ASSUMPTIONS 

Due to the nature of the generator optimization scheme used, the 

generator's operating constraints (i.e., B E v , and E . t ) 

max x • « cr 1 1 

cr 1 1 

are very influential on its performance. As an example, fiqure 6a shows 

the generator net power versus MHO combustor pressure for different sets 

of assumed physical constraints. For E = 2500 V/m, 

x crit 

E . = 4000 V/m, and J - 10,000 A /nr (approximately the 

cr,t Vit 

electrical stress limits in present generator endurance testsl, no further 
increase in powpr-out is possible if the magnetic field strength limit is 
increased (except at nonoptimally high values of P ). Only by 
increasing the limits on the electrical constraints can a higher magnetic 
field strength be utilized. As shown, however, operation at higher values 
of electrical stress offers significant performance improvement. 

Figure 6b shows the sensitivity to combustor slag rejection. Whether 
the ECAS-2 assumption of 85% slag rejection can be accomplished is not 
known at this time. Whether one can maintain 85% slag rejection with 
oxygen enrichment (leading to higher flame temperatures) is even more 
speculative. For this reason, channel calculations for different 
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amounts of slag rejection were carried out to assess the effect of slag 
on the generator performance. Figure 6b shows the net MHD power 
decreases with decreasing slag rejection. This is only due to the 
effect of lower electrical conductiv tv. A detailed analysis of tne 
fluid dynamic, heat transfer, and electrical effects of the slag layers 
were not included in the generator model used to evaluate these results. 

Generator performance for two different channel lengths are shown 
in figure 6c. The two lenqths, 25 and 20 meters, corresDond 
respectively to the overall length of the ECAS-2 magnet and the length 
of its high-field portion. The thermodvnami c efficiency of a 
di rect-preheated plant using the 20-meter channel is 53.76 as compared 
to an efficiency of 54.45 for the 25 meter case. In the latter case, a 
smaller fraction of the power is produced hv the steam bottoming cycle. 

Large variation in the boundary layer blockage was observed during 
the parametric calculations of generator performance reported herein. 

The blockage is greater in the higher oxyqen-enr iched cases. This 
trend is primarily c.jsed by our constant generator length and constant 
thermal input assumptions which resulted in higher values of L/D for 
oxygen-enriched channels. Since the diffuser performance is stronqly 
influenced by the inlet blockage, the diffuser efficiency should 
decrease as a function of increasing oxygen enrichment. To appraise 
the effect of Jiffuser pressure recovery on generator performance, 
calculations using less efficient diffusers were carried out. Tvpical 
results are shown in figure 6d. A slightly higher operating pressure 

is desired for the poorer performing diffuser case. Representative 

• •# .. * * * 

results of the plant thermodvnamic efficiency are given in Table II. 
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Figure 7 shows the variation of generator performance as a function 
of the initial states of the MHD combustor oxidant. Two different 


states of the oxidant prior to the air compressors are considered. In 

one case, the oxidant is assumed to be a blend of air and product gas 

from the air separation plant, both available at 60F and ambient 
pressure. In the second case, the oxidant is assumed to be a blend of 

air initially at 1 atm and 60F and enriched air (0.41 molar fraction 

oxygen) initially at 3 atm and 80F. The pressurized 0.41 molar 
enriched stream is from one of l:he possible single-column air 
separation plants under consideration, reference 10. One will notice 
that the value of optimum P c utilizing the enriched product gas at 
elevated pressures are generally 1/2 to 1 atm higher than those cases 
using the product gas at ambient pressure. 

One type of air separation plant configuration being considered can 
yield product gas which is moisture free. The beneficial effect of 
this moisture reduction in the oxidant blend on the channel performance 
was also assessed. For the 62. 37# oxyqen-enr iched case, all of the 
moisture in the oxidant can be removed by the 0.41 molar single-column 
oxygen plant. At 1100F preheat, this results in a 0.35* increase in 


over the case where the oxidant has 0.6* moisture bv weight, 


course, additional improvements would be expected if greater moisture 


was initially present in the oxidizer. 
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TABLE I 

MAJOR CYCLE PARAMETERS 


Coal type 

Moisture content of coal delivered to 
combustor, percent 

Oxidizer preheat temperature, F 

Combustor pressure, atm 

Combustor fuel-oxidizer ratio relative 
to stoichiometric 

Combustor slag rejection, percent 

Generator type 

Potassium seed, seed-coal weight ratio 

Diffuser exit pressure, atm 

Diffuser pressure recovery coefficient 

Channel length, meters 

Compressor polvtropic efficiency 

Thermal input to generator, MWth 

Sulfur removal by seed, percent reduction 

Inverter efficiency, percent 

Final fuel -oxidizer ratio relative to 
stoichiometric 

Stack temperature, F 

Separately-f i red preheater approach 
temperature difference, F 

Preheater combustor energy conversion 
efficiency, percent 

Steam ; turbjLne generator cycle ef f i r^gcy, 
percent 


Illinois #6 
2 

1100 , 1400 , 2000 , 2500 , 3000 

Variable 

1.07 

85 , 50 , 0 
Faraday 
.108 
1.14 

0 . 7 , 0.4 
25 , 20 
0.893 
5373 
81 
99 
1.0 


260 

300 

100 , 90 
41.8 
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TABLE I 

MAJOR CYCLE PARAMETERS (continued) 


Steam turbine-compressor cycle efficiency, 41.3 
percent (cycle compressor and air 
separation plant compressor) 


MHD combustor heat loss, percent of 0.92 

thermal input 

Recycle gas to preheater combustor, 1100 

terrperature F 

Air preheat to preheater combustor, 1100 

temperature F 

Air separation plant compressor power 300, 200 

requirement, kW-hr/ton of equivalent 
pure oxygen added 

Pressure drop from compressor exit to .163 

combustor exit, percent of 
compressor exit pressure 


TABLE II 

PLANT THERMODYNAMIC EFFICIENCY VARIATION WITH DIFFUSER PERFORMANCE 


Direct 

Preheat 

Temperature 

* 

Oxygen 

Enrichment 

Plant Thermodynamic Efficiency 

Diffuser C p = 0.4 

C p = 0.7 

2500 F 

0* 

53.49 

54.45 

1100F 

50* 

47.75 

48.45 

60* 

47.92 

48.60 


Efficiencies are for an oxidant production power requirement of 
200 kw-hr/ton of equivalent pure oxygen. 
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CJ 
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CHAMBER PRESSURE, atm 



(a) GENERATOR POWER AS A FUNCTION OF MINIMUM 
LOAD PARAMETER. K mjn . 



(b) MHD GENERATOR POWER MINUS COMPRESSOR 
POWER AS A FUNCTION OF COMBUSTOR PRES- 
SURE. P c . 


Figure 1. - Typical MHD generator power variation. 
Oxidizer 2500° F preheated air, generator length 
25 m, thermal input 5373 MW, y s M‘ = const., 
Mjniet ■ 0.9. E crjt ■ 4000 V/m. E v .. * 2500 

V/m, J„ .. >10 000 A/m 2 


Vcrit 


x crit 
Pcrif 4 - 



.9 


MAX. NET POWER 
MAX. POWER 



j V^ .i 


(a) GENERATOR LOAD PARAMETER VARIATION. 




Figure 2. - Parameter distributions for typical MHD gen- 
erator case. Oxidizer 2500° F preheated air, generator 
length 25 m, thermal input 5373 MW, y $ M^ = const., 

‘ ' -'-'inlet ■ «• ’• V/Tn. ' 

J - 10 000A/m2, ^ rjt -4. crit 








MHD POWER, MW 


Q, CHANNEL HEAT LOSS IN MW 



GENERATOR/DIFFUSER ADIABATIC EFFICIENCY 


Figure 3. - Generator performance map as a function of 
oxygen enrichment. Oxygen enriched air for MHD 
combustor recuperatively preheated to llOdP F. Gen- 
erator length 25 m, thermal input 5373 MW, y s M ? ■ 

2500 


const. Mi 


V/m, 1 


inlet 9, ^ri| * ^ m, 


y crit 


10 000 / 


Per it ‘ 4 - 


' x crit 


• • 



□ DIRECTLY-FIRED REFRACTORY REGENERATORS 
O SEPARATELY-FIRED REFRACTORY REGENERATORS 
O RECUPERATED 



23 25 27 30 3 3 37 40 50 

PERCENT OXYGEN BY WEIGHT 

Figure 4. - Plant thermodynamic efficiency as a func- 
tion of oxygen enrichment for MHD plants with var- 
ious types of preheater and preheat temperatures. 

The power required to produce oxygen is 200 kW-hr / 
ton of equivalent pure oxygen. The combustor pres 
sure in atmospheres is shown along the curves. 




THERMODYNAMIC PLANT EFFICIENCY 


O AIR OXIDANT 

□ 200 kW-hr/ton. OPTIMUM ENRICHMENT 
O 300 kW-hr/ton, OPTIMUM ENRICHMENT 



Figure 5. - Comparison of thermodynamic efficiency of 
MHD plants at optimum oxygen enrichment and for air 
oxidant. Energy to produce oxygen is on the bases of 
equivalent pure oxygen. Separately fired preheater 
system has 90% energy conversion efficiency. 
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tc> SENSITIVITY TO GENERATOR LENGTH. 



(d) SENSITIVITY TO DIFFUSER PRESSURE RECOVERY. 
Figure 6. - Concluded. 


STATE OF OXIDANT PRIOR TO AIR COMPRESSOR: 

ASSUMING A MIXTURE OF OXYGEN & AIR 

AT 1 atm AND 60° F 

ASSUMING A MIXTURE OF AIR AT 1 atm 

AND 60° F & ENRICHED AIR (0. 41 molar) 

AT 3 atm AND 80° F 



OXY-ENRICH, 

% 

62.36 


o 

Q- 




Figure 7. - Net MHD power out as a function of the 
initial state of the oxidant. Oxidizer 1400° F pre- 
heated enriched air, generator length 25 m, 
thermal input 5373 MW, y s M ? ■ const., Mj n j e = 


0.9, E rrit * 4000 V/m, E y 
10 000A/m2, p crjt - 4. cr '< 


2500 V/m. J 


y crit 
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